Background: Many of the pathogenic microbes use trehalose-6-phosphate phosphatase (TPP) enzymes for biosynthesis of sugar trehalose from trehalose-6-phosphate (T6P) in their pathway of infection and proliferation. Therefore, the present work is an approach to design new generation candidate drugs to inhibit TPP through in silico methods. Results: Blast P and Clustal Omega phylogenetic analysis of TPP sequences were done for 12 organisms that indicate and confirm the presence of three conserved active site regions of known TPPs. Docking studies of 3D model of TPP with 17 phytochemicals revealed most of them have good binding affinity to an enzyme with rutin exhibiting highest affinity (Binding energy of − 7 kcal/mole). It has been found that during docking, phytochemical leads bind to active site region 3 of TPP sequences which coordinates Mg2+ and essential for catalysis.
Background
Stress protectant molecule trehalose is an essential sugar in most organisms other than mammals [1] . The critical pathway of trehalose biosynthesis involves consecutive reactions of trehalose phosphate synthase (TPS) and trehalose-6-phosphate phosphatase (TPP) [2] . Humans and animals are affected by virulent nature of the above pathway. Especially that of TPPs which forms sugar from trehalose-6-phosphate (T6P) exhibit virulent functions in a number of ways in different microbes. Many serious diseases such as tuberculosis, Aspergillosis, Candedemias, and nematode diseases are main cause of mortality worldwide each year, mostly mediated by TPPs of concerned pathogens [3] [4] [5] [6] [7] [8] [9] [10] .
Trehalose derived from TPP of Mycobacterium is required for the synthesis of trehalose mono mycolate and trehalose di mycolate responsible for infection and survival of pathogen in affected animals [11] [12] [13] . Trehalose mycolates of variable chain length in few pathogens are required for the evasion of the host immune system. Candedemias causing fungi need TPP for various phases of life cycle and virulent functions [14] [15] [16] . In order to respond to stress-related issues and infection, Aspergillus organisms depend on TPPs. Elephantiasis causing nematodes requires Trehalose for various cell survival and transmission purposes [9] . In Cryptococcus neoformans, trehalose released by TPP is involved in stress protection and host survival mechanisms [3] . Overall, one may conclude that trehalose phosphate phosphatases are implicated as main virulent molecules in most of the above pathogenic organisms.
Antibiotic resistance or drug resistance developed by pathogens is a common problem of modern medicine related to abuse of drugs. To find the solution to the above problem, targeting the pathways or genes common to pathogens but totally absent in hosts holds the key. Though specific drugs are available, trehalose pathway and the genes like that of TPP can be tried as better anti-pathogenic targets which specifically affect pathogens but not humans and animal hosts. To achieve this objective, characterization of TPP enzymes and specific inhibitor design against them is fastly emerging as a very active area of biomedical research. In this regard, we have previously purified and characterized a TPP from maize genotype EC 558706 [46] . Therapeutic potential of TPP inhibitors in treating tuberculosis and other bacterial, fungal, and parasitic diseases have not yet been fully dealt.
The non-virulent TPPs of plants and virulent TPPs of microbes originally belong to Halo acid dehalogenasesrelated superfamily of proteins which binds T6P specifically. The highly conserved catalytic motifs are regular features of TPPs of HAD superfamily. The potential drug candidates designed against these TPPs may act by making links with highly conserved catalytic amino acids and thereby obstructing the development and virulent-related functions of pathogens but the host is unaffected [17] .
Plant-based phytochemicals offer attractive, effective, and holistic drug action against the pathogens without much of the side effects. Hence, we are interested in screening the potential phytochemicals as drug molecules against TPPs and to look into their effectiveness against pathogenic microbes. Structure-based drug designing using phytochemicals can be used to reduce the ambiguity involved and fasten up the process [18] . Hence, the present study focuses on in silico docking work on selected phytochemicals as lead molecules to check their binding affinities to modeled TPP protein in comparison to known antimicrobial drugs. This may help to come out with leads of next-generation drugs against virulent TPPs involved in infection and proliferation of many pathogens.
Methods

Selection, modeling, and drug-likeness test of phytochemicals for drug design 2.1.1 Selection of phytochemicals from medicinal plants for inhibitor design
The 5 of 21 medicinal plants were selected for the identification of phytochemicals based on their inhibitory property against previously purified maize TPP by us. The following are the medicinal plants with parts for the studies: (1) Aegle marmelos (leaves); (2) Ocimum basilicum (leaf); (3) Ribes nigrum (fruit); (4) Carica papaya (fruit); and (5) Costus pictus (leaves). More than 17 phytochemicals from above said plants (possessing antibacterial, antifungal, nematicidal, antiviral, antioxidant, antituberculosis, cancer-preventive effects) were retrieved from extensive literature survey for ligand (inhibitor) preparation to act against TPPs of pathogens [19] [20] [21] [22] [23] [24] . Their respective two-dimensional chemical structures in structured data format (SDF) were retrieved from PubChem-NCBI database and SDF format was converted into Protein data bank (PDB) format using Pymol for further analysis. The chemical structure of natural substrate trehalose-6-phosphate and antibacterial such as ampicillin and antifungal drugs such as isoniazid and fluconazole were processed similarly as controls.
Drug-likeness test of phytochemicals based on the Lipinski rule using Schrodinger software
To perform docking studies, the 17 phytochemicals retrieved from five medicinal plants should satisfy druglikeness test (determines whether particular compound could be used as the drug). The evaluation of druglikeness test for all compounds was carried out using qikprop tool of Schrodinger drug discovery software [25] . Qikprop is a quick, accurate, easy to use absorption, distribution, metabolic, and excretion prediction program of Schrodinger software. It predicts pharmaceutically relevant properties of organic molecules individually or in batches. This tool evaluates the compounds based on the Lipinski rule, which states that an active oral drug should qualify the following criteria: molecular weight should be in the range from 130 to 725 Da, log P should be < 5, H-bond donor should be 0-6, H-bond acceptor should be 2-20, number of rotatable bonds should be > 5. Along with drug-likeness test, molecular volume for the compounds should be between 500 and 2000 [26].
Development of phytochemical models for docking
The predicted Lipinski values (data sets) of 17 compounds for TPP were used for the development of the phytochemical models. The qikprop result analysis studies were carried out to correlate datasets-descriptors of 17 plant compounds along with 3 prescribed drugs for specific TPP inhibitory activity. The descriptors of compound (log P, molecular weight, H-bond donor, H-bond acceptor, number of rotatable bonds, molecular volume) were compared manually with the qikprop standard values in addition to volume. The phytochemicals which exhibit maximums number of properties within the range of standard values were selected for further docking studies with 3D structure of representative TPP enzyme. [27] gives us the information about conservation of the binding site and active site amino acids of TPP group of proteins.
Phylogenetic tree construction of TPPs from different organisms:
ClustalW2 is an online tool of the European Bioinformatics Institute to determine the phylogenetic tree of protein sequences from a variety of organisms. Multiple sequence alignment of TPP protein sequences of various organisms were submitted to Clustal W2 package in fasta format. The following parameters were set. Tree format was Clustal and distance correction was on. Gaps in the sequences were excluded and clustering was done using neighbor-joining method. The output phylogenetic tree showing the specific evolutionary relationships was obtained from the EBI server for analysis [28] .
Homology model construction
Though the 3D structure of TPP (1U02 of PDB) from T. acidophilum [29, 30] is readily available, we wanted to have a representative homology model for TPPs. As we have earlier purified a maize TPP, the amino acid sequence of a similar enzyme; Ramosa 3 (RA3) sequence was taken further to get a representative 3D model of all aligned TPPs from plant and pathogenic organisms [31] . RA 3 amino acid sequence was submitted to the Swiss modeler platform which has an identity at active sites with MSA sequences of TPPs of other organisms. Besides, we wanted to check whether the model protein has structural homology and can represent similar TPPs from plants, pathogenic bacteria, fungi, and nematodes. In the homology modeling project [32] , Swiss model template library was searched with BLAST and HHBlits for evolutionarily related structures matching the target sequence. Homology model representing pathogenic and non- The representative homology model of TPP molecule from Swiss model server did not have a complete charge assigned to them. Hence, before docking, polar hydrogens were added to the macromolecules and then assigned the partial atomic charges using AutoDock Vina 4.2 [33] . The non-polar and polar hydrogen atoms were merged. For 17 ligands along with conventional drugs for comparison, Gasteiger charges were added, non-polar hydrogens were merged and also rotatable bonds were determined based on the nature of ligand molecule. TORSDOF was used to calculate the change in free energy (δG) caused by the loss of torsional degree of freedom upon binding. The atomic fragmental volume and the atomic solvation parameters were used here to calculate the energy contribution of the desolvation of the macromolecules by ligand binding. Peptide backbone bonds were constructed. Bonds between selected atoms and all the active bonds are made rotatable [34] . Grid maps were generated and spacing was adjusted to 0.8 Å to enable ligand binding. The grid dimension was adjusted to 40 × 40 × 40 points. AutoDock Vina uses interaction maps for docking. Prior to the actual docking run, these maps were calculated by Auto Grid. For each ligand atom type, the interaction energy between the ligand atom and receptor was calculated for the entire binding site, which is discretized through a grid. The protein was embedded in a 3D grid and a probe was placed at each grid point. The interaction energy of the protein was assigned at each grid point and the affinity for each of the ligand was calculated.
Docking protein and ligand molecules
Automated docking software AutoDock Vina [33] 4.2 was used to evaluate binding affinity of ligands (with drug-likeness property) and three prescribed drugs (ampicillin, fluconazole, and isoniazid) to homology model of TPP enzyme. Docking energy of all ligand molecules and drugs, substrate-T6P (trehalose-6-phosphate) were evaluated by using empirical-free energy functions and Lamarckian genetic algorithm. These tools calculate binding-free energy (δG) based on different electrostatic, Vander Waal, hydrogen bonding, and desolvation effects. Docking precision was set to "regular precision" and "flexible" ligand-docking mode was employed for each docking run. The stability of each Blast P and MSA of various TPP sequences assisted us to confirm the conservation of active site regions. It is known that HAD family of magnesium-dependent phosphatases like TPPs have a common reaction mechanism due to conserved active site regions. Further, we wanted to know the proximity of binding of each of the ligand on conserved regions in model TPP. In this regard, we have taken docking poses of TPP binding by 17 ligands.
We have represented five of them (at least one representative from five plant extracts with highest binding energy), three prescribed drugs and substrate trehalose phosphate.
Results
In silico studies 3.1.1 Selection and development of phytochemical models of ligands for inhibitor design
Usually, phytochemicals are known to have one or more medicinal properties. For proper docking during the in silico drug designing protocol, there is a need for phytochemicals to qualify the drug-likeness test, i.e., they have to be in the range of Lipinski rule for various descriptors. The independent descriptors were determined for each of the 17 phytochemicals using Schrodinger software's Qikprop program and represented in Table 1 . A minimum of two violations are allowed to calculate the drug-likeness score.
The different descriptors for each phytochemical (ligand) along with 3 prescribed drugs were manually compared with standard values and finally drug-likeness scores were computed as shown in Table 1 . According to Table 2 , Rutin has the highest likeness score of 38 whereas terpinolene has the least score of 6. Ligands were segregated into zero violators (myristic acid, stigmasterol, beta-sitosterol). In addition to rutin and carpaine, many compounds were one violators and the rest of them are two violators. As the standard drug isoniazid also violates two rules with drug-likeness score of 8, we have decided to carry all the two rule violator phytochemicals for further analysis, i.e., for docking [36] . active site and coordinates the magnesium ion required for catalysis [37] . The results of MSA of 12 TPP sequences for the identification of conserved active site regions were as shown in Fig. 1a -c. The results were in agreement with conservation of regions in TPP sequences from plants, pathogenic bacteria, fungi, and nematodes. A similar study of conserved residues detection using CONSURF TOOL (comparison to Clustal Omega used in this study) was reported in more general haloacid dehalogenase family of proteins. The study reveals the conservation of aspartate and lysine residues similar to TPPs used in the present study [38] .
Phylogenetic tree construction
The phylogenetic tree (phylogram) in Fig. 2 obtained from multiple sequence alignment data of Clustal W2 tool shows the evolutionary relationship between the various organisms as it was a rooted tree. Though the organisms were distinct as whole length complete sequence identity was not there, but are related mainly because of the conservation of the TPP sequences at the active site regions. As far as the evolution of TPP proteins is concerned, sequences are more conserved between plants and pathogenic bacteria which in turn have a close relationship with fungal TPPs followed by nematode TPPs. It seems probable that bacteria developed these genes at the beginning of evolution to face challenges like stress tolerance and pathogenecity. Later divergently plants and fungi started producing this. In plants, the role of these genes primarily is a developmental one, but under stress conditions, the same genes might be used for hyperproduction of trehalose. Fungi somehow mainly use trehalose pathway genes, especially TPPs for pathogenecity in different ways. Few nematodes had picked up these genes later through the link with fungi empowering themselves for development and pathogenecity. One more piece of information, it has been found that most of TPPs mentioned above are specific about natural substrate trehalose phosphate [38] .
Homology model development
Homology model construction of representative TPP in comparison with 1U02 TPP was done with Swiss modeler server [30] . Overall, 664 templates were found. The model with the specific characters was built as in comparison to 1U02-A TPP from Thermophilus acidophilum shown in Tables 3 and 4 . Figure 3a represents 1U02 3D structure retrieved from PDB, in comparison to which a homology model was built and shown in Fig. 3b . The representative homology model was incompatible with the 3D form of trehalose-6-phosphate phosphataserelated protein from T. acidophilum with a Qmean scoring function of − 3.27. In another study on haloacid dehalogenase protein modeling, a similar modeler called I-TASSER was used to construct a representative model for binding studies. The structure prediction results were almost similar to Swiss modeler server used in the present study [38] . to make protein more polar, ligand modifications through charge and rotatable bonds assignment, calculation of energy contribution of desolvation during ligand-binding on protein, prior assigning of grid maps on protein surface for interaction with ligands by auto grid. The above facilities improve the speed, accuracy, docking with a new scoring function, efficient optimization, and multithreading of molecular docking [33] .
Docking protein (modeled TPP) with ligand (phytochemicals) molecules
In our present work, we have determined the docking or binding-free energy as shown in Fig. 4 which reflects the binding affinity of 17 ligands and 3 prescribed drugs to model TPP. The above docking studies signify the fact that out of seventeen phytochemicals Rutin shows the highest binding affinity of − 7.0 kcal/mole and methyl chavicol with least among 17 phytochemicals was − 5.
The prescribed drugs were reported to have binding energy equal to most of the phytochemical ligands tried. Therefore we have selected at least one phytochemical ligand which shows better docking energy from each of the plant. The ligands with best possible affinity to model TPP were represented in Table 5 to carry further studies [39] . Glide is the drug discovery tool of Schrodinger program used in a similar study alternate to AutoDock Vina of the present work. AutoDock Vina used in the study of docking calcinurin with inhibitors predicts binding affinity energy between − 4.9 and − 8.4 kcal/mole almost identical to the results of the present study [40] . acids were within the distance range from 1.796 to 2.747 A o . Glide is the drug discovery tool of Schrodinger program used in a similar study alternate to AutoDock Vina of the present work. Glide predicts 1-7 A o distance between the active site amino acids of calcineurin protein and inhibitory peptides. It seems to be less accurate but similar to the present study done using AutoDock Vina [41] . The conclusion that can be drawn by comparing binding affinity energies and binding poses, that the ligands bind active site cleft better than prescribed drugs.
Discussion
Trehalose phosphate phosphatases are known to play important roles in the development and virulence of many bacterial, fungal and nematode infections mentioned earlier. Trehalose pathway in general and TPPs in particular offer an excellent platform for drug designing as trehalose pathway is totally not present in animals [42] . Hence, TPP is a promising likely target molecule not only in the management of pathogenic microbes but also it may nullify the occurrence of multiple resistant strains.
Extensive literature survey was done to identify and select the phytochemicals against TPPs based on their medicinal properties for drug designing using docking. The six compounds (rutin, quercetin, myricitin, kaempferol, catalposide, terpinolene) from Ribes nigrum selected based on (high polyphones) antioxidant, antifungal (Candida albicans), and antibacterial potential. From Carica papaya, three compounds (tri hydroxy toluene, carpaine, sitosterol) were finalized as they are known to involve in antifungal (Aspergillus flavus and C. albicans), antituberculosis, nematicidal, and antidengue activities.
Aegle mermelus phytochemicals (myristic acid, methyl 4 hydroxycinnamic acid, and stigmasterol) were known to exert antibacterial, antienzymatic, antifungal activities.
Ocimum basilicum-derived compounds (methyl chavicol and caryophyllene) were reported as antifungal, antibacterial, cytotoxic, antimycobacterial, and anti-bovis. Lastly, three compounds (α terpinol, ionone, eudesmol) from Costus pictus were antidiabitic, hypolipidimic, diuretic, antimicrobial, anticandidal, and anticancerous [19-21, 23, 24] . Phytochemicals with such high medicinal values can be anticipated to possesS anti-TPP activity also as the TPP group of enzymes are involved in infection and pathogenecity in many bacteria, fungi, and nematodes. TPPs belong to the HAD superfamily of magnesiumdependent phosphatases, which are distributed in both prokaryotes and eukaryotes. This superfamily uses a common catalytic reaction mechanism characterized by having three highly conserved motifs [43, 44] . MSA and phylogenetic tree analysis work confirms that phosphatase activity motifs of these halo acid halogenase family of TPPs are conserved in normal and pathogenic organisms and TPP-related genes are absent in animals. This forces us to propose that an inhibitor designed for TPP of one organism can be extrapolated to TPPs of other organisms and have no effect on animal systems. Our present studies were the investigations in this direction by in silico methods [38] .
The representative homology model of TPP from Swiss modeler seems to be incompatible and consistent with the 3D structure of trehalose-6-phosphate phosphatase-related protein from T. acidophilum in many aspects except that it is devoid of ligand Mg 2+ which is indicated by Qmean scoring function (− 3.27). Model formation was done after following extensive methodologies like template search, template selection, model building, model quality estimation, ligand modeling, and oligomeric state conservation. The minimum changes regarding the overall secondary and tertiary structures were reported [30, 38, 45] . The concept of free energy (δG) is used to determine the binding affinity of protein-ligand complex in docking studies using drug discovery tool AutoDock Vina 4.2. The negative and low value of δG indicates the strong binding affinity between protein-ligand and that the ligand is in the most favorable conformation [41] . In this regard, poses of TPP binding by 5 ligands, at least 1 (with highest binding energy) from each of 5 plants, 3 drugs, and substrate trehalose phosphate were analyzed. In reality, we have not set any specific amino acid as rigid precision though the availability of some information on active site amino acid residues. Rather docking precision was set to regular precision and flexible ligand docking mode was employed. All the interaction studies showed the binding of leads to region 3 of the conserved active site indicating the importance of the region as it is specific for Mg2+ binding and significant part of the active site of TPPs [40] .
Thus, TPP inhibition work offers scope for the development of potent next-generation drugs like rutin (in this study) which would help cure or effectively manage toxicities of pathogens. Phytochemicals from herbal sources seem to be real good agents in drug designing. Screening of a number of phytochemicals as potent inhibitors of TPPs was made easy with in silico studies using online and offline drug-designing programs such as Auto dock and Schrodinger. One more advantage of this in silico work is, it leads to screening more probable anti-TPP leads. In addition, phytochemical components may act like new generation drugs as well as cocktail of inhibitors along with the existing ones to manage diseases like tuberculosis, fungal infections, elephantiasis, and meningitis with minimum risk factors. In the context of therapeutic and other potential applications, the enzymes of trehalose metabolism in particular that of TPP has become an attractive candidate to study functional mechanisms and to design drugs. Although the structures and catalytic mechanisms of several other phosphatases are well understood TPP has been largely ignored so far and there is still a lot of work to be done. There are specific advantages in choosing TPPs as a drug target. Since TPP binds only the small molecule ligand that makes it simpler to mimic the substrate by the inhibitor and avoids complications arising out of secondary recognition sites, like other phosphatases. Structural studies of few TPPs revealed that active site is present within a crevice that seems to bind substrate with high specificity and consequently high-affinity inhibitors can be designed. Our present in silico molecular modeling study using phytochemicals as inhibitors of TPPs justifies the above statement. At present, we assume that the representative TPP targets chosen here for inhibitor design apply to other homology TPPs from pathogenic organisms. To support this hypothesis, we have done homology modeling and multiple sequence alignment study and show that active sites are conserved.
Our docking studies confirm a tight binding of phytochemicals to model protein active site and coordinate with essential Mg2+. Since all TPPs accept the same substrate, the mechanism and binding at the catalytic site are likely to remain the same for all the TPPs. In this context, our in silico studies need to be validated by in vitro work.
Finally, we have given the overall view of possible therapeutic relevance of selected pathogenic TPPs. In the future, it will be realized that the inhibition of TPP is a very valuable tool in research, and in silico-based in vitro work will reduce the effort of inhibitor design. Nevertheless, pharmaceutical researchers have considered TPPs as prime candidates for drug development, but still the field is in its infancy. Given the role of TPPs in innumerable biological processes, it appears almost certain that TPP inhibitors will be an integral part of the drugs of the next generation. 
